Fundamental cellular properties are determined by the repertoire and abundance of proteins displayed on the cell surface. As such, the trafficking mechanisms for establishing and maintaining the surface proteome must be tightly regulated for cells to respond appropriately to extracellular cues, yet plastic enough to adapt to everchanging environments. Not only are the identity and abundance of surface proteins critical, but in many cases, their regulated spatial positioning within surface nanodomains can greatly impact their function. In the context of neuronal cell biology, surface levels and positioning of ion channels and neurotransmitter receptors play essential roles in establishing important properties, including cellular excitability and synaptic strength. Here we review our current understanding of the trafficking pathways that control the abundance and localization of proteins important for synaptic function and plasticity, as well as recent technological advances that are allowing the field to investigate protein trafficking with increasing spatiotemporal precision.
Introduction
Fundamental cellular properties are determined by the repertoire and abundance of proteins displayed on the cell surface. As such, the trafficking mechanisms for establishing and maintaining the surface proteome must be tightly regulated for cells to respond appropriately to extracellular cues, yet plastic enough to adapt to ever-changing environments. Not only are the identity and abundance of surface proteins critical, but in many cases, their regulated spatial positioning within surface nanodomains can greatly impact their function. In the context of neuronal cell biology, surface levels and positioning of ion channels and neurotransmitter receptors play essential roles in establishing important properties, including cellular excitability and synaptic strength. These properties are subject to potent regulation by neural activity, which directly influences the behavior of cellular trafficking processes. For example, the molecular composition and organization of the postsynaptic plasma membrane is regulated by plasticity-stimuli that trigger long-lasting forms of synaptic plasticity including long-term potentiation, depression (LTP and LTD) and homeostatic scaling. These diverse and important forms of neural plasticity are largely controlled both by mobilization of ion channels and receptors from intracellular stockpiles to the cell surface and regulated positioning of existing surface proteins within functional nanodomains at synaptic sites (Hayashi et al., 2000; Lledo et al., 1998; Luscher et al., 1999; MacGillavry et al., 2013; Nair et al., 2013; Park et al., 2004; Penn et al., 2017; Sinnen et al., 2017; Tang et al., 2016) . Given the central importance of protein trafficking for neuronal function and plasticity, it is not surprising this has remained an area of intense investigation. Here we review our current understanding of the trafficking pathways that control the abundance and localization of proteins important for neuronal function and plasticity, as well as recent technological advances that are allowing the field to investigate protein trafficking with increasing spatiotemporal precision. We begin by reviewing our current understanding of the organization and function of the neuronal secretory pathway for trafficking newly synthesized proteins at remote sites in dendrites. We then review recent studies investigating post-secretory trafficking of synaptic proteins through endocytic recycling and lateral diffusion. Finally, we highlight new molecular tools that hold promise for addressing challenging problems in neuronal protein trafficking.
Organization of the dendritic secretory pathway for remote protein trafficking
Compared to other cell types, neurons place extreme demands on the protein biosynthetic pathway due to their large size, intricate morphology and requirement for precise temporal control of protein levels within diverse cellular domains and structures (Fig. 1) . How the correct proteins are delivered in the appropriate amounts to remote sites in the dendritic arbor has remained a persistent and challenging question in the field. This issue is epitomized by modeling studies that estimate trafficking from the neuronal cell body to specific sites within the dendritic arbor could take several hours to days (Williams et al., 2016 ), yet diverse forms of protein synthesis-dependent plasticity operate with synapse-level accuracy on significantly shorter timescales (Buffington et al., 2014; Hanus and Schuman, 2013; Mameli et al., 2007; . This problem has been recognized and investigated for decades, with early studies providing a crucial piece of the puzzle by localizing components of the biosynthetic machinery, including polyribosomes, near synaptic sites within proximal and distal dendrites (Bodian, 1965; Steward and Fass, 1983) . Later studies confirmed the presence of diverse mRNAs within dendrites supporting a model where local protein synthesis supports a significant fraction of the dendritic proteome (Holt and Schuman, 2013) .
Organization of the dendritic ER
Intriguingly, many of the mRNAs identified in dendrites encode integral membrane proteins and secreted factors that require specialized processing through the cellular secretory network, which primarily consists of the endoplasmic reticulum (ER) and Golgi apparatus (GA) (Cajigas et al., 2012; Zhong et al., 2006) . The endoplasmic reticulum (ER) is broadly distributed throughout the dendritic arbor (Fig. 1B,C) (Spacek and Harris, 1997; Wu et al., 2017) . Signal recognition particle (SRP), which recognizes and targets nascent polypeptides and their associated ribosomes to the ER is also present within dendrites (Tiedge and Brosius, 1996) . Accordingly, ribosome-associated, or "rough", ER is observed at remote dendritic sites, confirming decentralized translation of integral membrane and secreted factors (Bodian, 1965; Cui-Wang et al., 2012; Gardiol et al., 1999; Pierce et al., 2000; Tiedge and Brosius, 1996) . Following translation, nascent proteins can laterally diffuse within the ER membrane (or in the case of soluble secreted proteins, within the ER lumen) prior to ER exit (CuiWang et al., 2012; Fukatsu et al., 2004) . Lateral mobility within the ER is an especially important consideration for many neurotransmitter receptors, which may linger in the ER for tens of minutes to hours (CuiWang et al., 2012; Greger et al., 2002; Valenzuela et al., 2014) . This raises the question of whether these proteins could be locally trafficked to synaptic sites near their birthplace, or if spatial information is blurred or completely lost as they laterally diffuse within the ER, away from their sites of biogenesis. To quantitatively address this issue, CuiWang et al. used a combination of photoactivation and photobleaching, to show that specialized regions of ER adopt a complex and convoluted morphology (usually near dendritic branch points) that act as diffusion barriers for nascent proteins within the ER (Fig. 1C) . Intriguingly, metabotropic glutamate receptor activation, which stimulates local translation, also increased ER complexity by regulating its dissociation from dendritic microtubules (Cui-Wang et al., 2012) . The degree of ER complexity correlated with the density of ER-attached ribosomes (Fig. 1C) , further supporting a model where morphological plasticity of ER structure could spatially confine cargoes during synthesis for targeted delivery to nearby synapses. Although no studies have directly investigated the spatial relationship between where a cargo exits the ER and where it appears at the plasma membrane, it is tempting to speculate that local synthesis and forward trafficking of ion channels and receptors could play a role in defining and maintaining subcellular excitability and synaptic properties over spatial scales ranging from dendritic branches to individual synapses (Béïque et (E) Three-dimensional model of organelles in a dendritic spine (from focused ion beam-scanning electron microscopy [FIB-SEM] image stacks, mouse cerebral cortex). ER/spine apparatus (yellow), endosomes/transport vesicles (light blue), synaptic interface (magenta), mitochondria (green). White arrowheads mark two ER-PM contact sites. Note the presence of endosomes/transport vesicles at the tip of the spine apparatus (orange arrowheads). Scale bar, 400 nm. Adapted from Wu et al. (2017) and reprinted with permission from the National Academy of Sciences.
A.M. Bourke et al. Molecular and Cellular Neuroscience 91 (2018) 48-66 et al., 2010; Losonczy et al., 2008; Makara et al., 2009) . New tools allowing fine spatiotemporal control of ER exit will allow a deeper investigation of this issue (Chen et al., 2013) .
ER/PM contacts
An intriguing characteristic of ER structure is the presence of contact sites with other organelles, including mitochondria, endosomes and the plasma membrane (PM) (Friedman et al., 2011; Rowland et al., 2014; Wu et al., 2017) . While ER/PM contacts have long been appreciated from ultrastructure studies, their functional importance is now emerging with critical roles in calcium signaling (Dittmer et al., 2017; Lees et al., 2017) and lipid exchange (Chung et al., 2015; Schauder et al., 2014; Toulmay and Prinz, 2011) . ER/PM junctions may also help anchor protein machinery for protein trafficking. Simultaneous live cell imaging of ER/PM junctions and protein trafficking using total internal reflection microscopy revealed both vesicular delivery to the PM and endocytosis of surface proteins often occurred immediately adjacent to ER/PM junctions (Fox et al., 2013) . While these data suggest that ER/ PM junctions direct trafficking to specific cellular domains, how or why protein trafficking machinery is associated with these sites remains an open question.
A study by Wu et al. used focused ion beam-scanning electron microscopy to map neuronal ER/organelle contacts (Wu et al., 2017) . In agreement with numerous previous studies, they show that the ER extends throughout the dendritic arbor and invades a subset of dendritic spines where, in many cases it forms junctions with the PM in the spine head (Fig. 1E) . The significance of these contact sites near synapses remains unclear, but it is tempting to speculate that they could play a role in lipid transfer (Toulmay and Prinz, 2011) , synaptic Ca 2+ signaling (Dittmer et al., 2017) or even as membrane fusion and endocytosis sites, both of which occur in dendritic spines (Blanpied et al., 2002; Kennedy et al., 2010a) . Intriguingly, the amount of ER membrane in spines appears to be regulated by plasticity mechanisms. Expansion of ER within the spine head occurs during activity-triggered spine growth and appears to be regulated by L-type voltage gated Ca 2+ channels. Blocking L-VGCCs has no effect on early phases of activitytriggered spine growth, but specifically disrupted ER expansion in potentiated spines (Dittmer et al., 2017) . In a subset of spines (typically mature, "mushroom" type spines) the ER network elaborates into a stacked membrane structure resembling the GA, called the spine apparatus. Intriguingly, vesicular structures are often found at the tip of the spine apparatus (Fig. 1E) , raising the exciting possibility that the spine apparatus is involved in vesicle biogenesis, which could play a role in forward trafficking of proteins and lipids from the spine ER to the PM at synaptic sites (Wu et al., 2017) . While a role for the spine apparatus in anterograde protein trafficking and lipid delivery has been speculated based on its GA-like appearance, no direct evidence for this role currently exists. Alternatively, the spine apparatus could simply act as a barrier to prevent early/recycling endosomes generated from the spine PM from exiting the spine head without playing a direct role in their genesis or function.
Early secretory trafficking
To leave the ER, properly assembled and processed proteins accumulate at specialized ER exit sites (ERES), which have been observed throughout the dendritic arbor (Horton and Ehlers, 2003) . Regions of active ER export are called transitional ER (tER). Following assembly and processing in the ER, proteins destined for export concentrate with components of the coat protein II (COPII) complex in tER. The upstream determinant of ERES formation appears to be Sec16, a hydrophobic, multidomain protein (Connerly et al., 2005; Espenshade et al., 1995; Hughes et al., 2009; Ivan et al., 2008; Watson et al., 2006 ) that peripherally associates with the ER membrane where it scaffolds additional ERES-associated proteins to promote membrane coating and budding.
In non-neuronal cells, the spatial distribution of ERES is relatively constant over time (Hammond and Glick, 2000) . Photobleaching studies have revealed that, in contrast to COPII subunits, a steady pool of Sec16 localized to tER sites (Hughes et al., 2009) , indicating that Sec16 may be a defining feature of tER ). In complex cell types like neurons, the location and regulation of ERES may play a major role in targeting integral membrane proteins to specific sites in the dendritic arbor. Although the regulatory pathway for ERES formation and budding is incompletely defined, acute application of GTP-Sar1 induces the formation of ERES throughout the dendritic arbor (Aridor et al., 2004) . Thus, Sar1 may normally limit and regulate the formation or function of ERES at pre-existing Sec16-positive locations. Alternatively, ERES may simply be regulated by cargo load (Aridor et al., 1999; Farhan et al., 2008) and could be directly stimulated by changes in local translation or accumulation of nascent cargo in ER by lateral diffusion from somatic pools (Pick et al., 2017) .
After exiting the ER in COPII-coated carriers, trafficking proteins first enter the ER-Golgi intermediate compartment (ERGIC) (Presley et al., 1997; Scales et al., 1997) . The ERGIC is a diverse assortment of mobile and stationary tubulovesicular carriers (Ben-Tekaya et al., 2005) that sorts proteins for delivery to the GA, or for return to the ER. ERGIC is commonly identified by the mannose-binding protein ERGIC53 (Schweizer et al., 1988) and Rab1 (Sannerud et al., 2006) . Although ER-GA trafficking is microtubule dependent, initial delivery to the ERGIC is not (Presley et al., 1997) . This may be due to the longer distances necessary for ERGIC-GA delivery and is particularly relevant for the function of ERGIC in neuronal dendrites.
In non-neuronal cells, ERGIC is predominantly localized to the ERGolgi interface, although a number of studies have also observed ERGIC elements distributed throughout the cellular cortex (reviewed in Saraste et al., 2009) . Similarly, ERGIC elements are widely distributed through neuronal dendrites far from the cell body (Hanus et al., 2014; KrijnseLocker et al., 1995; Sannerud et al., 2006) . Work from our own group utilized a novel light-induced ER release strategy to demonstrate that membrane proteins accumulate in punctate dendritic organelles immediately following ER release (D. Chen et al., 2013) (Fig. 2A,B) . Subsequent studies revealed these organelles are ERGIC based on the colocalization of dendritic trafficking cargo and ERGIC53, supporting a major trafficking role for ERGIC in decentralized dendritic protein trafficking Hanus et al., 2014) .
Dendritic Golgi outposts
The presence of decentralized GA in neuronal dendrites has been a controversial topic. While punctate GA-derived organelles distinct from somatic GA have been observed (commonly termed "Golgi outposts or GOs"), studies using antibodies against endogenous GA (giantin, GM130, TGN38) generally agree that only a minority (~20%) of dendrites possess Golgi membranes and those that are observed are mainly restricted to the proximal regions of the primary dendrite Horton et al., 2005; Locker et al., 1995; Torre and Steward, 1996) . In Drosophila sensory neurons, GOs may be more abundant, with the caveat that GOs are typically visualized with expressed and tagged Golgi proteins (Ye et al., 2007) . So far, it remains unknown whether these organelles play a role in forward secretory trafficking, but one potential function of dendritic GOs is to nucleate microtubules to coordinate dendritic branching and morphogenesis (Arthur et al., 2015; Ori-McKenney et al., 2012; Yalgin et al., 2015; Zhou et al., 2014) . However, Nguyen et al. observed that in many cases, sparse dendritic GO distribution was inconsistent with the localization of gamma-tubulin, the core microtubule nucleation factor (Nguyen et al., 2014) . Furthermore, removing GOs from dendrites by fusing a GA-localized protein domain to a constitutively active kinesin heavy chain had little effect on dendritic microtubule nucleation, arguing against a role for GOs in microtubule dynamics. While the similarly sparse GO distribution in mammalian central neurons seems inconsistent with a major role for microtubule nucleation, it is possible that an unappreciated GAlike organelle in dendrites could serve this role. To this end, Mikhalyava et al. found that an expressed, engineered marker protein (termed "pGolt") identifies a previously uncharacterized Golgi-like dendritic membrane compartment. These Golgi-like membranes appear to be active mediators of anterograde trafficking based on their accumulation of temperature sensitive vesicular stomatitis viral glycoprotein (VSV-G) and co-immunostaining for a variety of cargoes. pGolt-positive organelles are found in close proximity to ERGIC membranes, as well as endosomal markers such as Rab6, EEA1 and retromer subunits (Mikhaylova et al., 2016) . However, given the artificial nature of the reporter, it remains to be determined how closely these dendritic organelles resemble bone fide GA. In light of the discrepancies between expressed GA markers and immunocytochemistry against numerous endogenous GA markers, the function and existence of satellite GA membranes in dendrites remains an intriguing, but unresolved issue.
Despite the sparseness of canonical GA markers, several lines of evidence support anterograde secretory trafficking at remote sites in dendrites. Dendritic protein synthesis is critical for the implementation of diverse forms of synaptic plasticity, a process that likely depends on the synthesis and trafficking of integral membrane proteins through the secretory pathway (Bradshaw et A.M. Bourke et al. Molecular and Cellular Neuroscience 91 (2018) 48-66 et al., 2007; Pick et al., 2017; . For example, homeostatic scaling in response to extended blockade of action potentials and NMDA receptors requires local synthesis and trafficking of the AMPA receptor subunit GluA1 . Independent approaches for directly visualizing newly synthesized proteins further support dendritic secretory trafficking. For example labelling new proteins using either FLASH/ReASH or timeSTAMP revealed significant synthesis and surface delivery of AMPARs in dendrites that had been mechanically isolated from the soma (Butko et al., 2012; Ju et al., 2004) . How dendritic secretory trafficking could occur in the absence of canonical GA has remained an intriguing and persistent question in cellular neurobiology. Indeed, emerging evidence suggests that some proteins can bypass GA processing in neurons (Hanus et al., 2014; Jeyifous et al., 2009) . A recently published study from our own group ) employed a combination of inducible ER-exit with local photoconversion to track the fate of proteins exiting the ER in different cellular domains (Fig. 2C-H ). In agreement with previous studies, we found that dendritic cargoes initially undergo spatially confined delivery to nearby ERGIC membranes (D. Chen et al., 2013; Hanus et al., 2014; Mikhaylova et al., 2016) . Following ERGIC trafficking, dendritic cargo accumulated in recycling endosomes (REs) prior to reaching the cell surface. Intriguingly, a significant fraction of forward trafficking from the ER to dendritic REs and the PM occurred even when the GA was disrupted with brefeldin A, further supporting a satellite secretory network that bypasses the somatic GA . This observation helps explain how neurons locally deliver new proteins given the paucity of dendritic GA. These experiments also revealed that, in addition to their well-established role in regulating synaptic composition via recycling pathways (see section II below), REs play a critical role in anterograde trafficking from the ER to the dendritic PM. Whether REs receive trafficking cargo directly from ERGIC or intermediate organelle(s) mediate this transfer remains unknown, but Bowen et al. demonstrated a close apposition of ERGIC and RE markers using super-resolution light microscopy consistent with a direct-transfer mechanism ).
An interesting point to consider is whether dendritic ERGIC or endosomal elements may possess Golgi-like specializations for anterograde trafficking. For example, a key role of the GA is to process posttranslational modifications, including refining the glycosylation state of surface receptors and secreted proteins. However, studies using immunocytochemistry to localize glycan-modifying enzymes, including galactosyl transferase and α-mannosidase, found these enzymes largely localize to the soma and proximal apical dendrite, similar to other canonical GA proteins (Krijnse-Locker et al., 1995; Torre and Steward, 1996) . Consistent with these early studies, evidence is accumulating for atypical processing of dendritic secretory cargo. Hanus et al. reported that a substantial fraction of surface NMDA, GABA and AMPA receptors display immature N-linked glycans, consistent with a GA-bypass mode of surface trafficking (Hanus et al., 2014) . This study helps explain the paradoxical observation that neuronal processes are strongly labeled by lectins that preferentially associate with high-mannose glycans normally restricted to ER-localized proteins. Whether GA-bypass and atypical glycosylation is a fundamental feature of all proteins using the dendritic secretory pathway, or is specific to a subset of neuronal proteins awaits further investigation, but preliminary evidence for cargo specificity comes from Bowen et al., which reported a significant fraction of AMPA receptors can traffic from ERGIC to the PM following GA disruption, while VSV-G and neuroligin 1 could not ).
Protein sorting and post-Golgi vesicular transport
Effective subcellular targeting of nascent membrane and secreted proteins depends on proper sorting as they traverse the biosynthetic pathway. This process primarily occurs via adaptor protein-mediated sorting of proteins into distinct vesicular carriers at the trans-Golgi network (TGN) that shuttle cargoes to the appropriate cellular domain. Prior to reaching the TGN, different proteins intermingle while traversing the cis-GA as evidenced by early studies using either electronmicroscopy to visualize trafficking of apical or basolateral viral proteins (Rindler et al., 1984) or a clever biochemical assay in which a polarized viral enzyme chemically modifies co-trafficking proteins (Fuller et al., 1985) . While this is thought to reflect a general principle of GA trafficking, exceptions have been noted. For example, GPI-anchored proteins seem to segregate prior to reaching the GA (Muñiz et al., 2001) , although the downstream consequences of this are not known. Furthermore, some Golgi-dependent proteins have altered intra-Golgi trafficking characteristics. For example most, but not all, proteins stall in the GA if cells are incubated at 20°C during forward trafficking, suggesting distinct trafficking routes within the GA (Farr et al., 2015) .
Post-Golgi vesicles originating from the TGN are broadly categorized into the constitutive pathway, present in all cells, and the regulated pathway specific to endocrine, neuronal, neuroendocrine and other secretory cell types. While the molecular profiles of post-Golgi vesicles are poorly defined, there is evidence for distinct subtypes of post-Golgi transport vesicles within the constitutive pathway. For example, cargoes destined for the apical or basolateral domains exit the TGN in distinct carriers (Jacob and Naim, 2001; Keller et al., 2001) , consistent with adaptor-specific sorting prior to packaging into transport vesicles. Adaptor mediated TGN sorting is not limited to cargoes destined for different polarized domains. For example, diverse cargoes targeted to the basolateral domain can also segregate into distinct pools of transport vesicles in the TGN. In polarized MDCK cells, the Na + /K + ATPase takes a different route to the surface than VSV-G and utilizes distinct Rab proteins (Farr et al., 2009) . Likewise, in neuronal cells GABA A receptors are delivered through mechanisms distinct from AMPA receptors (Gu et al., 2016) . Voltage-gated K + channels (Kv). Kv2.1 Fig. 2 . Inducible release systems to study the local dendritic secretory network.
(A) Schematic of the light-inducible release system based on conditional clustering of UVR8. When tandem copies of UVR8 are fused to a target protein (in this case, VSVG) oligomers form and are retained in the ER. Exposure to UV-B triggers dissociation of these clusters, allowing forward trafficking through the secretory pathway. Adapted from Chen et al. (2013) and reprinted with permission from Rockefeller University Press.
(B) Demonstration of the UVR8-dependent ER-retention strategy. ER-retained secretory cargo near dendritic branch points was selectively photoconverted from green to red with local 405-nm illumination (crosshair, middle) and then released with global UV-B. Photoconverted cargo accumulated at nearby secretory organelles after UV-B treatment (arrowheads), supporting a local secretory network in dendrites. Not all puncta contained photoconverted cargo (asterisks), indicating selective trafficking to a subset of secretory organelles. Scale bar, 4 μm. Adapted from Chen et al. (2013) and reprinted with permission from Rockefeller University Press. (C) Schematic for the chemically-inducible release system based on the self-associating FKBP mutant (F M ) and rapalog. F M domains cluster and trap fused cargo molecules in the ER. Addition of the rapalog compound disrupts F M clusters, allowing ER exit and subsequent trafficking.
(D) F M -GluA1 colocalizes with ER marker BIP prior to release and with the GA marker GM130 1 h following rapalog addition. Adapted from Bowen et al. (2017) and reprinted with permission from eLife.
(E-H) Demonstration of the F M /rapalog inducible release strategy. F M -mEOS-GluA1 was photoconverted from green to red in either the apical dendrite (E) or the soma (F) prior to ER release. Upon ER release, the cargo redistributes to local trafficking organelles. Quantification of the signal distribution relative to the original site of photoconversion is provided for dendritic (G) and somatic (H) photoconversion 1 h following ER release. Adapted from Bowen et al. (2017) and reprinted with permission from eLife. channels, which are targeted to the soma and proximal dendrite, can also be trafficked through a GA-independent mechanism to the axon initial segment. Indeed trafficking pathways for somatic Kv2.1 appear to be distinct from those used by the more distally localized dendritic Kv4.2 channel (Jensen et al., , 2017 . For regulated secretion, neuropeptides are sorted into distinct post-Golgi vesicles that mature via sorting and pH-sensitive proteolytic processing, into dense core vesicles (DCVs) (Ailion et al., 2014; Kim et al., 2006) . DCV peptides are sorted away from those bound for synaptic-like-vesicles at the TGN in a process regulated by AP-3 and VPS41 (Asensio et al., 2013; Grabner et al., 2006; Park et al., 2011) , although many neurotransmitter vesicles also contain various neuropeptides. In addition to presynaptic localization, DCVs are also transported to dendritic sites where they deliver neuromodulators such as tissue plasminogen activator and brain-derived neurotrophic factor (BDNF) in response to calcium flux (Kolarow et al., 2007; Lochner et al., 2006; Matsuda et al., 2009) . DCV docking involves Rab3 and Rab27 (Haynes et al., 2001; Shirakawa et al., 2004; Tsuboi and Fukuda, 2006) , indicating this compartment shares some regulatory machinery with neurotransmitter vesicles (Geppert et al., 1994 (Geppert et al., , 1997 Tanaka et al., 2001 ).
Targeting of post-Golgi carriers to the correct cellular domains can occur through several mechanisms. In neurons, initial polarization of vesicles occurs by exclusion of somatodendritic vesicles from the axon initial segment (AIS) by a myosinVb-dependent "actin filter" (AlBassam et al., 2012; Burack et al., 2000; Lewis et al., 2009 ). Interestingly, the dense actin meshwork at the AIS also maintains PM polarization by anchoring membrane components that restrict diffusion between the axon and soma (Nakada et al., 2003; Winckler et al., 1999) . The orientation and specificity of transport is determined by the complement of molecular motors and cargo-motor adaptor proteins that bind to specific vesicular cargoes. For example, KIF5 targets GluA2-containing AMPA receptors to dendrites through an interaction with the scaffold protein GRIP1 (Setou et al., 2002) , whereas KIF17 targets NR2B-containing NMDA receptors through an interaction with the scaffold mLin-10 (Setou et al., 2000) . For a detailed review on motor proteins and cytoskeleton-dependent trafficking in neurons, see Hirokawa et al., 2010 .
The molecular machinery that defines constitutive trafficking from the GA is poorly defined. A number of trafficking factors initially ascribed to post-GA carrier vesicles are also present in the RE compartment. For example, Rab8 was initially identified as a critical mediator of basolateral biosynthetic trafficking in polarized cells (Huber et al., 1993a) and the somatodendritic domain of neurons (Huber et al., 1993b) . Subsequently, Rab8 was found to mark REs (Hattula et al., 2006) although on a potentially different subset of endosomes than the canonical RE rab, Rab11 (Roland et al., 2007) . Similarly, the yeast homologues of Rab11 were initially identified due to their role in TGN-PM trafficking (Jedd et al., 1997) . Although the Rab11a isoform has been associated with the apical recycling pathway in various cell types (Goldenring et al., 1996; Wang et al., 2000) , Rab11a and Rab11b are both involved in transferrin recycling (Schlierf et al., 2000; Ullrich et al., 1996) . In neuronal cells, Rab11a is predominantly localized to the somatodendritic domain, and exhibits more prominent localization to the GA than Rab11b (Schlierf et al., 2000) . Experiments demonstrating that REs act as intermediate transport organelles for new cargoes trafficking from TGN to the PM blur the distinction between recycling compartments and post-GA carriers (Ang et al., 2004; Cancino et al., 2007) . The proportion of cargoes that depend on RE trafficking for post-GA trafficking is unclear, although the diversity of vesicle subtypes budding from the TGN suggests they traffic a subset of cargoes. Secretory proteins that interact with AP-1B may be preferentially sorted to the RE pathway (Traub and Apodaca, 2003) . However, the mechanisms responsible for sorting these cargoes are still unclear as AP-1B may not be required for initial targeting to REs (Cancino et al., 2007) . Recently, our lab found that diverse neuronal proteins are forward trafficked through the RE compartment in a process that depends on both Rab11 and Rab8 . In agreement with previous studies in heterologous cells, the dendritic RE network participates in biosynthetic trafficking, blurring the distinction between post-Golgi and recycling compartments. In neurons, REs appeared to play a role in both long-range trafficking of cargo that originated in the somatic GA and local trafficking of cargo that was released from the dendritic ER . Intriguingly, anterograde secretory cargo populated REs situated within dendritic spines, suggesting that REs could act as conduits for localizing newly synthesized secretory cargoes to specific synaptic sites.
While the fundamental organization of neuronal secretory organelles is becoming increasingly clear, a number of critical questions remain. What is the relationship between ERGIC/Golgi satellite membranes and the endosomal system? What is the function of the spine apparatus? What are the spatial restrictions on synaptic delivery after ER exit of nascent proteins? How does synaptic activity influence anterograde protein delivery and what trafficking steps are affected? What are the molecular determinants that direct cargo to the different trafficking routes in neurons? A more detailed understanding of how new proteins are targeted to synaptic sites within dendrites will require the development of techniques that provide spatial and temporal control of trafficking as well as robust detection of specific pools of trafficking proteins at the plasma membrane. Advances in this direction are discussed in Section III of this review.
Post-secretory trafficking
While the secretory network may deliver new proteins to their appropriate cellular domain, often they are not delivered to their precise functional destination. In many cases further refinement of protein localization is required. Here we discuss two principal modes of postsecretory pathway trafficking, lateral diffusion and endocytic trafficking as they relate to synaptic function.
Lateral diffusion
Postsynaptic proteins must diffuse laterally into the postsynaptic membrane following insertion into nearby sites in the PM of dendrites and spines. For example, numerous studies have demonstrated that both inhibitory and excitatory neurotransmitter receptors can move laterally into synaptic sites where they are retained by synaptic scaffolding proteins (Bannai et al., 2009; Bats et al., 2007; Borgdorff and Choquet, 2002; Choquet and Triller, 2013; Dahan et al., 2003; de Luca et al., 2017; Gerrow and Triller, 2014; Hanus et al., 2004 Hanus et al., , 2006 Opazo et al., 2010; Schnell et al., 2002) , or into endocytic zones where they are internalized and sorted for subsequent recycling or degradation (Blanpied et al., 2002; Luscher et al., 1999; Petrini et al., 2009; Steinmetz et al., 2016) . Lateral diffusion and activity-dependent trapping appear to dictate the steady state level of receptors within the postsynaptic membrane, and therefore the efficacy or "strength" of the synapse (Borgdorff and Choquet, 2002; Ehlers et al., 2007; Opazo et al., 2010) .
While many early studies using quantum dot-based labeling methods support rapid AMPA receptor surface diffusion, with frequent entry and exit from the PSD, a later study suggests that AMPA receptors, once incorporated into the PSD, may be more stable than previously thought . This discrepancy could arise from the labeling method utilized. Lee et al. reported that receptors labeled with small (~10 nm) quantum dots or fluorescent dye-labeled streptavidin or antibodies (~4 nm) were almost exclusively localized within the PSD where they displayed limited diffusion. Longitudinal tracking experiments with small quantum dot labels demonstrated that receptors dwelled in the PSD for relatively long (> 15 min) time periods. In contrast, larger quantum dots (> 20 nm) seemed to preferentially label a more mobile, extrasynaptic pool of AMPA receptors, perhaps because steric hindrance prevents large QD-labeled receptors from entering the synaptic cleft, which is generally estimated to be 15-25 nm in width (Lehre and Danbolt, 1998; Rusakov and Kullmann, 1998; Savtchenko and Rusakov, 2007; Zuber et al., 2005) . While this study suggested that few receptors are present outside of the PSD, there is abundant physiological evidence for a substantial pool of extrasynaptic AMPA receptors. Perhaps most compelling is the observation that robust AMPA receptor currents are observed when glutamate is delivered to non-synaptic sites on the dendritic shaft using photolytic uncaging techniques or iontophoresis (Bagal et al., 2005; Makino and Malinow, 2009; Matsuzaki et al., 2004) . Furthermore, experimental manipulations that decrease the extrasynaptic pool of receptors or impair their mobility, block LTP, further supporting an extrasynaptic reserve pool of receptors that is important for dynamic regulation of synaptic function (Granger et al., 2013; Penn et al., 2017) .
Surface AMPA receptor diffusion may also regulate postsynaptic responses during high frequency trains of glutamate release. Following glutamate binding and activation, AMPA receptors quickly transition into a desensitized state that can last for tens to hundreds of milliseconds (Robert and Howe, 2003; Traynelis et al., 2010) . Using an antibody crosslinking strategy, Heine et al. restricted lateral diffusion of surface AMPA receptors, which slowed the recovery of postsynaptic AMPA currents from paired-pulse depression. This observation suggests ongoing replacement of activated/desensitized receptors with laterally diffusing naïve receptors could play a role in shaping postsynaptic responses, especially during periods of high frequency neurotransmitter release (Heine et al., 2008) . Surface diffusion of GABA A receptors could also shape inhibitory postsynaptic responses. Activated and desensitized GABA A receptors were observed to laterally diffuse from their sites of activation to adjacent synapses where they exchanged with naïve receptors to dampen inhibitory input (de Luca et al., 2017) .
In addition to sculpting postsynaptic responses on short timescales, lateral diffusion of both pre-existing and newly-inserted AMPA receptors plays a major role in LTP (Penn et al., 2017) . By acutely crosslinking recombinant or native AMPA receptors, Penn et al. investigated the contribution of lateral diffusion during LTP induced by high frequency stimulation (HFS). Immobilizing pre-existing surface AMPA receptors immediately prior to HFS-induced LTP blocked the potentiation observed immediately following LTP induction. Postsynaptic responses gradually increased in the minutes following LTP induction, presumably as AMPA receptors from intracellular pools were mobilized to the surface and integrated into synaptic sites. Accordingly, LTP was blocked when postsynaptic membrane fusion was inhibited with intracellular tetanus toxin light chain or N-ethylmaleimide. In this scenario, initial potentiation remains but decays back to the baseline value over several minutes suggesting that dendritic membrane trafficking delivers receptors and/or other factors responsible for stabilizing the potentiated state (Lledo et al., 1998) . Similar experiments have demonstrated that clostridium neurotoxins also block plasticity at inhibitory synapses, supporting a role for regulated membrane fusion for delivery of GABA A receptors to postsynaptic sites (Chiu et al., 2018; Ouardouz and Sastry, 2000) . Further investigation will be necessary to determine whether postsynaptic membrane fusion plays a role in plasticity beyond the delivery of additional neurotransmitter receptors to the dendritic surface. We speculate that, in addition to receptor molecules, activity-responsive dendritic organelles deliver a cocktail of factors that could stabilize receptors at synapses and/or induce synapse growth, including cell adhesion proteins (Bemben et al., 2014; Chan et al., 2006; Heisler et al., 2014) , soluble factors such as BDNF (Harward et al., 2016) , or extracellular remodeling factors such as matrix metalloproteinases (Wang et al., 2008a) .
In a complementary set of experiments from our group, we asked what would happen if we acutely added AMPA receptors to the PSD in the absence of a plasticity stimulus Zimmerman et al., 2016) . Using a novel optogenetic strategy based on light-triggered protein dimerizers (Kennedy et al., 2010b) , we rapidly concentrated AMPA receptors in the postsynaptic membrane while simultaneously measuring evoked and spontaneous AMPA receptor currents (Fig. 4A) . As expected, evoked AMPA receptor currents grew larger with a time course that matched receptor recruitment to the PSD. Surprisingly, adding high-conductance homomeric GluA1 AMPA receptors to the PSD had no effect on the amplitude of miniature postsynaptic excitatory currents (mEPSCs) but instead increased mEPSC frequency. This observation is consistent with previously described, pre-formed but "silent" synapses containing few or no AMPA receptors that can be functionally activated by receptor recruitment during LTP (Isaac et al., 1995; Liao et al., 1995) . While quantal amplitude measured in response to naturally released glutamate was unaltered by receptor recruitment, responses to artificially-delivered glutamate at single spines grew larger. This finding adds support to previous modeling and imaging studies that restrict AMPA receptor activation to PSD nanodomains localized directly apposed to presynaptic neurotransmitter release sites (Franks et al., 2003; MacGillavry et al., 2013; McAllister and Stevens, 2000; Nair et al., 2013; Raghavachari and Lisman, 2004; Sinnen et al., 2017; Tang et al., 2016) . Overall, these observations reveal the unexpected resilience of excitatory synaptic transmission, even in the face of acute perturbations in the number of PSD-localized neurotransmitter receptors. Whether the same principles apply at inhibitory synapses remains an open question, but sub-synaptic structures consistent with nano-domain organization of GABA A receptors have been observed (Pennacchietti et al., 2017; Specht et al., 2013) .
Endocytic trafficking
At some point in their lifecycle, all surface proteins are subject to internalization into endocytic organelles. Generally, internalized cargo molecules are first delivered to early endosomal compartments before committing to one of several trafficking routes (Grant and Donaldson, 2009 ): (1) direct return to the plasma membrane, (2) indirect return to the plasma membrane through REs, (3) sorting for lysosomal degradation as early endosomes mature into late endosomes (Dunn et al., 1989) , or (4) retrograde transport to the TGN. For many polarized cells, an additional trafficking route called transcytosis can occur where endocytosed cargo is transferred from the basolateral (somatodendritic) domain to the apical (axonal) domain or vice versa (Wisco et al., 2003) .
Clathrin coated pits and early endosomes determine the post-endocytic fate of cargo molecules through what is likely a combination of passive, geometry-based sorting (e.g., the partitioning of cargo destined for reuse into tubular extensions that bud off from the early endosome) (Dunn et al., 1989; Mayor et al., 1993) and active sorting which requires the recognition of a cargo-sorting signal by a coat complex (Gage et al., 2001; Hsu et al., 2012; Lakadamyali et al., 2006; Puthenveedu and von Zastrow, 2006; Tanowitz and von Zastrow, 2003) . In addition to coat and endocytic adaptor proteins, many other molecular components are required for the formation and fission of transport carriers from the early endosome, and it is the collective identity of these components that determine the destination of a given transport carrier within the endomembrane system. Similarly, fusion of a transport carrier with its target compartment involves coordinated action by specific trafficking factors that include SNARE proteins, tethering proteins, cytoskeletal components, and associated regulatory proteins such as Rab and Arf GTPases. Notably, each organelle is associated with a specific set of Rabs, which function as intracellular traffic controllers to ensure the accurate and expeditious flow of cargo transport through the endocytic pathway. Importantly, all organelles in the endocytic pathway are linked through the continuous flux of cargo-containing transport carriers and are therefore highly dynamic structures. It is precisely this contiguity within the endomembrane system that confers its marked ability to meet the homeostatic demands of the cell while simultaneously presenting challenges for the researchers who wish to study membrane recycling. The following sections will discuss our current understanding of the structure and function of the dendritic A.M. Bourke et al. Molecular and Cellular Neuroscience 91 (2018) [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] endocytic network in neurons, while highlighting some recent technological developments that have helped overcome some of the challenges in studying the endocytic pathway.
Organization of intracellular trafficking organelles in neuronal dendrites
2.3.1. Endocytic and recycling organelles An extensive endosomal network in neuronal dendrites was revealed in early studies using pulse-chase labeling techniques, live-cell imaging, and serial section EM (Parton et al., 1992) . By altering both incubation times and chase periods using a combination of fluid-phase and receptor-bound markers such as HRP, ovalbumin-gold and labeled transferrin, Parton et al. identified early and late endocytic compartments in rat hippocampal dendrites based on differences in morphology, cellular distribution, and labeling kinetics. Tubular structures that corresponded to early endosomes and REs were found to extend to the distal regions of dendrites, whereas larger multivesicular body-like structures that corresponded to late endosomes and lysosomes showed a more centralized distribution within the soma and proximal dendrite (Parton et al., 1992) . Subsequent EM studies have expanded upon the characterization of the endocytic network in neuronal dendrites by distinguishing multiple different classes of endosomal compartments based on their distinctive morphologies and their spatial relationship to synaptic sites (Cooney et al., 2002; Spacek and Harris, 1997) .
Together with data from immunofluorescence and immuno-EM studies, these ultrastructural analyses provided evidence for local endocytic organelles in spine heads (Blanpied et al., 2002; Cooney et al., 2002; Rácz et al., 2004; Spacek and Harris, 1997) . The presence of coated pits and vesicles in spines in combination with the existence of endocytic zones localized adjacent to the PSD (Blanpied et al., 2002) raises the question of whether local trafficking of synaptic membrane lipids and proteins plays a role in mediating synaptic function and plasticity. In support, Toni et al. revealed striking changes in spine morphology and coated vesicle formation 30 min following hippocampal LTP using an EM method to visualize stimulated synapses based on their calcium load (Toni et al., 2001 ). Toni et al. found an increased proportion of synapses with segmented PSDs following LTP and that these synapses very often contained coated vesicles (the proportion of synapses with coated vesicles was three-to-five times higher than that in any other synapse type) (Toni et al., 2001) . Likewise, a different study showed an increase in endosome content at early times following LTP induction (Park et al., 2006) . Indeed, dendritic spines have since been found to harbor a local endosomal network that could play roles modifying synaptic connectivity during plasticity and sustaining synaptic function under basal conditions (Brown et al., 2007; Kapitein et al., 2010; Kennedy et al., 2010a; Park et al., 2004 Park et al., , 2006 Patterson et al., 2010) . In particular, REs may play a key role in synaptic membrane remodeling given their ability to respond to changes in synaptic activity M. Park et al., 2004 M. Park et al., , 2006 . Following LTP-inducing stimuli, REs rapidly fuse with the plasma membrane in dendrites and spines, presumably to facilitate the synaptic delivery of key synaptic molecules (Brigidi et al., 2015; Keith et al., 2012; Kennedy et al., 2010a; Park et al., 2004 Park et al., , 2006 Patterson et al., 2010; Woolfrey et al., 2015) . Spine-localized REs are small, relatively stable structures that range in size from~50 to 500 nm in diameter, whereas shaft-localized REs are typically larger (1-4 μm in length) and highly mobile. Long-range bidirectional transport of REs in dendrites is microtubulebased, which is faster than the actin-based motility generally associated with RE transport in spines (Esteves da Silva et al., 2015) ; however, there have been reports of a stationary subpopulation of shaft-localized REs whose function is currently unknown (Prekeris et al., 1999; Schwenk et al., 2016) . In addition to mediating trafficking of recycled proteins, new proteins on their initial voyage to the PM also utilize the dendritic RE network, including spine REs . Whether these organelles are a distinct subset of REs or if anterograde traffic merges with REs that are already participating in ongoing recycling remains to be seen but it should be considered that blocking RE function will not only impact the recycling pools of proteins but also newly synthesized proteins making their first trip to the PM .
Dendritic lysosomes
Although lysosomes are not part of the endocytic pathway, it is important to consider the dendritic organization and emerging role of these organelles in neuronal functions such as dendritic calcium signaling (Padamsey et al., 2016) and local degradation of synaptic proteins (Goo et al., 2017) . Using two-photon single-spine glutamate uncaging, Goo et al. demonstrated activity-dependent stalling of mobile lysosomes at the base of activated spines where they could play a role in cargo trafficking/degradation, or participating in Ca 2+ signaling (Goo et al., 2017) . Lysosomes are not only localized to the base of spines, but in some cases they are present in spine heads. While this occurs in only a sparse subset of spines it is tempting to speculate they could play a direct role in synaptic function or plasticity. For example, Padamsey et al. found that lysosome fusion and cathepsin B release for extracellular matrix remodeling was necessary for maintaining activity-induced spine growth (Padamsey et al., 2016) .
Endocytic transport of synaptic proteins
Endocytic recycling of synaptic proteins and lipids enable rapid remodeling of the postsynaptic membrane following plasticity. The swift removal or delivery of synaptic proteins relies on the coordinated movement of endosomes and endocytic transport vesicles along polarized cytoskeletal networks in dendrites and spines (Esteves da Silva et al., 2015; Goo et al., 2017; Hendricks et al., 2010; McVicker et al., 2016; Prekeris et al., 1999) . Transport directionality and cargo specificity are mediated by actin-based and microtubule-based motor proteins and cargo-motor adaptors. Broadly, local surface delivery of recycled proteins to excitatory spine synapses involve the anterograde transport of endosomes/transport vesicles by plus-end-directed myosin motors along the polarized actin filaments in spines (Correia et al., 2008; Lisé et al., 2006; Yoshimura et al., 2006) . Conversely, removal of surface proteins at excitatory spine synapses generally involve retrograde transport of endosomes/endocytic vesicles by the uniquely minus-end-directed motor, myosinVI (Osterweil et al., 2005) . General trafficking rules for endocytic transport at shaft-localized excitatory and inhibitory synapses are not as straightforward. Microtubules predominate in dendritic shafts; however, the cellular cortex subjacent to the PM is rich in F-actin, actin-binding proteins, and myosin motors. Thus, both microtubule-based and actin-based transport mechanisms have been reported, both alone and in coordination, to mediate the endocytic transport of inhibitory synaptic proteins (Heisler et al., 2011; Maas et al., 2006; Twelvetrees et al., 2010) . Furthermore, mixed microtubule orientations in proximal dendrites result in the unpredictable movements of endosomes/transport vesicles containing endocytic cargo from shaft synapses.
Given the redundant roles of many kinesin, dynein, and myosin motors in endocytic transport, cargo-motor adaptor proteins play a critical role in mediating specificity of receptor synapse removal and delivery. For example, dynein is involved in the retrograde transport of both glycine receptors (GlyRs) and GABA A receptors away from inhibitory synapses; however, cargo specificity is conferred through the direct binding of dynein light chain to the GlyR β subunit binding protein gephryin (Maas et al., 2006) or the GABA A R α1 subunit binding protein muskelin (Heisler et al., 2011) . These cargo-motor adaptor proteins link specific receptors to distinct actin-based or myosin-based motors and thus regulate the types of cargo that are trafficked to and from inhibitory and excitatory synapses. For example, the reinsertion of GABA A receptors into the inhibitory postsynaptic membrane is mediated by a motor protein complex comprised of KIF5 and the adaptor huntingtin-associated protein 1 (HAP1) (Twelvetrees et al., 2010) , whereas the reinsertion of AMPA receptors into excitatory spine synapses involve myosinVb and the endosomal adaptor Rab11-FIP2 (Wang et al., 2008a) .
Many studies have manipulated motor protein-based transport processes to better understand the role of endocytic transport in neuronal function. Acute chemical-genetic manipulations of myosin-based RE transport support the idea that endocytic recycling of AMPA receptors play a critical role in activity-dependent synaptic potentiation (Park et al., 2004; Wang et al., 2008b) . Wang et al. showed that hippocampal LTP was abrogated in engineered mice that harbor a mutant version of myosinVb that can be specifically inhibited with an orthologous ADP analog (Wang et al., 2008b) . A more recent study by Esteves da Silva et al. employed a chemically induced dimerization system to recruit KIF1c, myosinV or myosinVI to Rab11-positive REs to control RE recruitment to or removal from spines (Esteves da Silva et al., 2015) (Fig. 4B ). While they observed no immediate effect on dendritic spine morphology, removal of REs from spines decreased synaptic AMPA receptor and PSD95 levels at synapses (Esteves da Silva et al., 2015) . In addition to myosinVb, myosin VI, and Rab11 function, several additional factors have been shown to be involved in the endocytic trafficking of AMPA receptors. In brief, AMPA receptor endocytosis has been shown to require the function of RE-associated activity-regulated cytoskeleton associated protein (Arc/Arg3.1) and its interaction with endocytic machinery components adaptor protein complex-2 (AP2), endophilin, and dynamin (Shepherd et al., 2006; Wall and Corrêa, 2017) . AMPA receptor endocytic recycling and surface delivery have been shown to require the function of protein kinase A (PKA; Ehlers, 2000) , Rab8 (Brown et al., 2007) , Ras (Patterson et al., 2010; Zhu et al., 2002) , palmitoylated A-kinase anchoring protein 79/150 (AKAP79/ 150; Keith et al., 2012) , retromer (Choy et al., 2014; Temkin et al., 2017; Varandas et al., 2016) , GRASP1 (S.-L. Chiu et al., 2017; Hoogenraad and van der Sluijs, 2010) , and the Type I PDZ domaincontaining protein sorting nexin 27 (SNX27; Loo et al., 2014) .
New technology for studying protein trafficking
There has been an intense effort to engineer new tools for studying cellular protein trafficking ranging from new imaging hardware to innovative molecular tools for labeling and precisely manipulating protein localization and function (Fig. 3) . Here we review new approaches that have already been used, or show great promise for investigating protein trafficking.
Super resolution imaging
A fundamental constraint on visualizing trafficking organelles in live cells is their small size (often below the diffraction limit of light) and rapid movements. There remains a major and largely unmet challenge for super resolved imaging approaches that can generate multichannel images on a rapid (ideally millisecond) timescale, using light intensities that do not lead to photodamage in live cells. Perhaps the super-resolution technique considered most amenable to longitudinal live-cell imaging is structured illumination microscopy (SIM), yet conventional, or linear, SIM fails to achieve the sub-100 nm resolution or the imaging frame rate required for many dynamic cellular processes. Recently developed approaches such as high-numerical aperture (NA) TIRF-SIM and patterned-activation nonlinear SIM (PA NL-SIM) can achieve higher resolution than linear SIM without compromising imaging speed and light dose (Li et al., 2015) , and are promising methodologies for visualizing both inter-organellar transport carriers and distinct cargo subdomains within endosomal membranes. One major limitation, however, should be considered before using any TIRF-based approach to image cultured neurons. The glial layer that exists between the neurons and the glass coverslip significantly reduces the already restricted penetration depth of 50-200 nm.
Recent developments in light-sheet microscopy also hold great promise for super resolution imaging live tissue in three dimensions with minimal photodamage. Because the excitation energy is only delivered to the imaging plane through a separate objective positioned perpendicular to the imaging objective, photodamage to the surrounding tissue and bleaching of fluorophores outside of the imaging plane are greatly reduced (Huisken et al., 2004) . While early light-sheet microscopy used Gaussian light sheets that were too thick to achieve high spatial resolution for imaging subcellular dynamics, further innovations have refined this technique by shaping the light sheet into a non-diffracting Bessel beam (Planchon et al., 2011) . Introducing optical interference patterns (lattice light sheet), has led to the ability for longterm, multi-color, 3 dimensional super resolution imaging with minimal photodamage . A more accessible means for achieving live-cell super-resolution involves the application of an algorithm to an image sequence acquired by conventional widefield, confocal, and TIRF microscopy (Gustafsson et al., 2016) . This computational approach, called super-resolution radial fluctuation (SRRF), generates a super-resolution image based on the radial symmetry of the imaged fluorophores, not their individual localizations, in order to achieve sub-100 nm lateral resolution (Gustafsson et al., 2016) . While still nascent, this approach holds promise for super resolution imaging of dynamic cellular processes near the plasma membrane, but still lacks temporal resolution since fluctuation analysis requires acquisition of tens to hundreds of individual images to generate one super-resolved image. Other techniques, based on single molecule localizations are also showing great improvements, especially for high resolution, multi-color imaging in three-dimensional space, and have recently been reviewed in depth elsewhere (Nicovich et al., 2017; Sahl et al., 2017) .
Another promising approach is to combine super-resolution light microscopy (which offers the ability to localize molecules) with electron microscopy (which offers unparalleled visualization of cellular structure) (Perkovic et al., 2014; Watanabe et al., 2011) . Advances in correlated light-electron microscopy (CLEM) hold promise for interrogating the molecular organization of cellular structures. While sample processing for EM precludes visualizing dynamic processes in live cells, some special exceptions deserve discussion. For example, Watanabe et al. combined optogenetic activation of synaptic vesicle fusion with rapid high-pressure freezing at different time intervals following the stimulus to precisely define where and when neurotransmitter vesicle exocytosis and compensatory endocytosis occur in presynaptic terminals (Watanabe et al., 2013) . Super-resolution CLEM holds great promise for future studies investigating how exocytosis and endocytosis are coordinated by superimposing molecular localizations of active zone and endocytic zone proteins onto dynamic membrane structures that have been frozen in the act of fusion and/or endocytosis. Thus, visualizing the molecular ultrastructure of dynamic processes is becoming increasingly accessible, especially for processes that can be precisely triggered with a time-locked stimulus.
Selectively labeling newly synthesized proteins
The coupling of protein-labeling strategies with fluorescent microscopy techniques allows for the real-time observation of the activity, mobility, conformation, and subcellular localization of proteins in cells. Detection of a target protein is achieved through the direct or indirect covalent attachment of a biological fluorophore, enzyme-substrate reporter, radioactive isotope, quantum dot, biotinylated probe, or synthetic organic dye. The use of protein-labeling strategies for studying anterograde trafficking in live cells presents numerous new challenges that include selectively labeling newly synthesized proteins and minimally perturbing endogenous trafficking mechanisms with the labeling method.
A genetically encoded labeling strategy called TimeSTAMP2 allows for selective visualization of newly synthesized proteins fused to an engineered fluorophore which contains the NS3 protease domain of hepatitis C virus (HCV), flanked by its own protease recognition sites. Constitutive protease-mediated fragmentation of the fluorophore occurs until a cell-permeable HCV NS3 protease inhibitor is applied. Upon protease inhibition, new copies of the fusion protein will include an intact fluorophore, thereby allowing selective detection of protein that was synthesized following inhibitor application. Butko et al. utilized this approach to determine where and when synaptic activity induced accumulation of new synaptic proteins (Butko et al., 2012) . Using hippocampal neurons grown in microfluidic devices, they visualized local activity-dependent translation of PSD95 by coupling their drugcontrolled labeling strategy with local application of BDNF or the mGluR agonist DHPG.
In addition to intrinsically fluorescent proteins, new approaches have been developed for targeting a synthetic dye to a relatively short peptide sequence engineered into a target protein. This approach has advantages over traditional fluorescent protein labeling because it allows users flexibility in dye characteristics (color, pH sensitivity, cell permeability etc.). Furthermore, most inorganic dyes have favorable characteristics for bioimaging (e.g. high quantum yield and better photostability). Early approaches used the biarsenical dyes ReAsH-EDT 2 and FlAsH-EDT 2 , which fluoresce red and green, respectively, upon binding to a small motif containing four cysteine residues. This approach was used to investigate trafficking of newly synthesized AMPA receptors by inserting the tetracysteine (TC) motif into the intracellular C-termini of GluA1 and GluA2. This allowed optical "pulsechase" experiments by sequentially labeling expressed receptors in hippocampal cultured neurons with different colored fluorescent dyes (Ju et al., 2004) . Applying FlAsH-EDT 2 6-8 h after ReAsH-EDT 2 application selectively labeled the receptors that were synthesized within the chase period since preexisting receptors had already been labeled with the first dye. This approach revealed local synthesis and trafficking of these receptors, even in dendrites that had been mechanically isolated from the cell body (Ju et al., 2004) . Subsequent strategies for inorganic dye targeting to genetically encoded tags have become widely adopted, including SNAP and HALO tags, which can be covalently modified with an ever-increasing palette of fluorescent dyes (Encell et al., 2012; Grimm et al., 2017; Keppler et al., 2003; Los et al., 2008 ).
An alternative strategy for labeling newly synthesized proteins involves the targeting of multiple fluorescent antibody-fusion proteins to a tandem array of epitopes called SunTag (Tanenbaum et al., 2014) . For single-molecule imaging of nascent proteins, a SunTag-fused mRNA of interest is co-expressed with GFP-fused single-chain variable fragment (scFv) antibodies. As the SunTag is translated, multiple epitopes are made available for GFP-scFv binding. To limit GFP-scFv sequestration by the translation product, a degron sequence is fused to the C terminus of SunTag. The resulting multivalent fluorescent amplification of nascent protein enables real-time imaging of translation dynamics in live neurons and in vivo (Wang et al., 2016a; Wu et al., 2016; Yan et al., 2016) .
While the above approaches require genetically modifying target proteins, which could interfere with localization/function, a different approach for labeling the entire pool of newly synthesized endogenous A.M. Bourke et al. Molecular and Cellular Neuroscience 91 (2018) [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] proteins is to couple fluorescent non-canonical amino acid tags (FUNCAT) (Dieterich et al., 2010) . While this approach is useful for biochemical approaches to characterize the entire pool of newly synthesized proteins, it can be combined with antibody labeling and proximity ligation assay (PLA) to selectively visualize new pools of specific proteins (provided that a reliable antibody exists for the protein of interest) (Tom Dieck et al., 2015) . However, this PLA-based strategy is not amenable to live-cell imaging for dynamic cellular processes.
Inducible protein trafficking systems for investigating secretory trafficking routes
A powerful approach for investigating protein trafficking through the secretory pathway has been to sequester newly synthesized proteins in the ER and induce their release while visualizing them in real time in live cells. Classic experiments utilized a temperature sensitive mutant of VSV-G (VSV-Gts045) which does not exit the ER at or above~39°C (Lodish and Weiss, 1979) . Reducing the temperature triggers synchronous release of VSV-G ts045 from the ER. Using fluorescently tagged versions of VSV-Gts045 allowed researchers to directly visualize a secretory cargo as it made its journey from the ER to the PM (LippincottSchwartz et al., 1989; Presley et al., 1997) . Later, more sophisticated approaches for conditionally releasing cargoes from the ER with chemicals or light were developed (Boncompain et al., 2012; Chen et al., 2013; Rivera et al., 2000) . These approaches are advantageous in that nearly any protein can be targeted for inducible release, not just proteins for which a temperature-sensitive trafficking mutation is available. Generally speaking, these approaches involve fusing domains onto a target protein to trap it in the ER, for example by anchoring it to another ER-retained protein or by the formation of protein clusters that are too large and immobile for ER export (i.e. conditional aggregation domain or CAD). The first described CAD was a self-associating FK506-binding protein (FKBP) mutant that harbored a single point mutation (F36 M) in the ligand binding site Rollins et al., 2000) . Proteins fused to multiple, tandem copies of this CAD are trapped in the ER as the CADs self-associate. Following addition of a cell-permeable, biologically inert rapamycin analog, CAD multimers rapidly dissociate, allowing ER exit and progression through the secretory pathway (Fig. 2C) . A consensus cleavage site for the GA-resident protease furin can be placed between the protein of interest and the CAD repeats so they are removed in the GA, preventing them from reassociating, or interfering with downstream trafficking. This strategy has been heavily utilized in the study of protein trafficking in a wide variety of cell types, including neurons (Al-Bassam et al., 2012; Bowen et al., 2017; Jaiswal et al., 2009; Rivera et al., 2000; Thuenauer et al., 2014; Valenzuela et al., 2014) (Fig. 2C-H) .
A similar inducible release strategy, "retention using selective hooks" (RUSH), exploits the competition between streptavidin-binding protein (SBP) and biotin for strong, but non-covalent binding to streptavidin (Boncompain et al., 2012) . Streptavidin, fused to a "hook" protein that promotes anchoring to a specific organelle, reversibly interacts with SBP fused to a "reporter" protein of interest. Targeting to different organelles in the secretory pathway is possible based on the identity of the hook protein (e.g. KDEL signal sequence for ER retention). The synchronous release of the SBP-reporter fusion protein from the target organelle is initiated by adding biotin, which disrupts the SBP/streptavidin interaction. This approach was adopted by Evans et al. to study the secretory trafficking of the kainate receptor subunit GluK2 in cultured hippocampal neurons under basal and stimulated conditions (Evans et al., 2017) .
Approaches for the optical control of protein secretion have been developed, with the ultimate goal of using focal illumination to locally release proteins from the ER within specific cellular domains (e.g. axons, soma or dendrites) to investigate how the location of ER release impacts the downstream trafficking itinerary of diverse protein cargoes. The first light-controlled inducible release system used the Arabidopsis photoreceptor UVR8 as the optogenetic actuator module for protein secretion (Chen et al., 2013) (Fig. 2A-B) . UVR8 forms constitutive homodimers that are dissociated upon UV-B (280 to 315 nm) excitation (Christie et al., 2012; Rizzini et al., 2011) . Chen et al. exploited this property to control secretion in cultured fibroblasts and hippocampal neurons using a CAD-based strategy where tandem copies of UVR8 were fused to VSV-G ( Fig. 2A) . In this case, light quickly dissolved ERlocalized clusters of VSV-G, allowing forward trafficking to proceed. This system has subsequently been implemented for chemokine release in vivo (Sarris et al., 2016) , but given the short wavelength requirements, the approach has been difficult to implement for precise local release using focal excitation. Thus, while multiple inducible ER-release strategies exist, due to technical limitations, none have proven entirely satisfactory addressing the spatiotemporal relationship between ER release and surface insertion in large, morphologically complex cells like neurons.
3.4. Other approaches to manipulate protein trafficking and localization
Chemical dimerization
Chemical control of protein-protein interactions to control cellular function has proven to be an invaluable tool for studying diverse cellular processes. Early approaches utilized a small molecule consisting of two FK506 moieties joined by a chemical linker (FK1012). As FK506 tightly binds FKBP one could use this compound to conditionally homodimerize any protein fused to FKBP (Spencer et al., 1993) . Subsequent iterations enabled rapamycin-triggered heterodimerization between FKBP and its binding partner FRB (J. Chen et al., 1995; Ho et al., 1996) and engineered selective, orthologous FKBP/FRB protein domains and ligands overcame potential off-target effects of FK506 and rapamycin (Clackson et al., 1998) . In neurons, such systems have been used to conditionally anchor organelles to motor proteins for inducible manipulation of their subcellular distribution (Esteves da Silva et al., 2015; Kapitein et al., 2010) (Fig. 4B) . The FKBP/FRB system has also been used to probe the functional significance of neuroligin dimerization (Shipman and Nicoll, 2012) , and to inducibly sequester proteins from their functional sites for acute loss of function (Robinson et al., 2010) .
Light-induced protein dimerization
Building on previous chemical-genetic strategies, numerous new approaches have been engineered for controlling protein interactions with light. Given the major advantage in spatiotemporal precision over chemical-genetic strategies (not to mention the advantage of not having to purchase costly small molecule reagents), these tools are being broadly adopted for controlling diverse cellular processes and biochemistry. Early studies used the plant photoreceptors phytochromeB, cryptochrome2 (CRY2) or FKF1 along with their cognate light-dependent binding partners PIF3/6, CIB1 or gigantea, respectively, to drive light-triggered protein dimerization (Kennedy et al., 2010b; Levskaya et al., 2009; Yazawa et al., 2009 ). The self-associating CRY2 photoreceptor has also been used for light-controlled protein homo-oligomerization (Bugaj et al., 2013; Park et al., 2017; Taslimi et al., 2014) (Fig. 4C) . Later dimerizer systems, largely based on the photosensitive LOV domain from Avena sativa phototropin were developed, taking advantage of the robust photo-induced structural change this photoreceptor undergoes. Numerous approaches have exploited this property by fusing peptide sequences to the LOV domain C-terminus. In darkness, C-terminal peptides are largely inaccessible to potential binding partners. Upon photoexcitation, the helix unwinds, effectively "uncaging" the C-terminal peptide, allowing access to different binding partners (Harper et al., 2003; Lungu et al., 2012; Mills et al., 2012; Spiltoir et al., 2016; Strickland et al., 2008; Yi et al., 2014) . To generate a light actuated "reverse dimerizer" (i.e. a dimerizer pair that interacts in the dark but is dissociated by light), Wang et al. screened a library of a randomly mutagenized small protein domain (Z domain from protein A) and discovered variants that tightly bound to the Avena sativa LOV2 A.M. Bourke et al. Molecular and Cellular Neuroscience 91 (2018) ii.
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ii. domain in the dark, but dissociated upon photoexcitation (Wang et al., 2016b) . In addition to their use in light-triggered protein interaction or dissociation tools, LOV domains can be genetically inserted into strategic locations within proteins for allosteric control of protein function with light (Lee et al., 2008; Wu et al., 2009) . Promising efforts to develop sequence-and structure-based algorithms for predicting where LOV domain insertion will be most effective for allosteric control of key signaling enzymes hold promise for streamlining the engineering of opto-alleles of diverse signaling proteins (Dagliyan et al., 2016) .
Conditional protein inactivation with light
Chromophore-assisted light inactivation (CALI) of protein function has emerged as a powerful optical technique for manipulating protein function and trafficking. For some chromophores, light absorption generates abundant reactive oxygen species (ROS), such as singlet oxygen and superoxide, that can oxidize nearby electron-dense amino acids (e.g. cysteine, histidine, methionine, tryptophan, tyrosine), often rendering proteins inactive. While the basic CALI approach was described many decades ago (Jay, 1988) , the approach has experienced a resurgence in cell biology with the advent of genetically-encoded fluorescent proteins and chemical-genetic targeting technologies (e.g. SNAP and Halo tags) as CALI reagents instead of dye-conjugated antibodies, which can be difficult to introduce into cells (Bulina et al., 2006; Keppler and Ellenberg, 2009; Takemoto et al., 2011 Takemoto et al., , 2013 Tour et al., 2003) . Many synthetic dyes (e.g. malachite green, fluorescein, eosin, FlAsH, ReAsH) are effective chemical photosensitizers with high ROS yields. Furthermore, chemical photosensitizers can now be targeted to specific protein modules and cellular domains through the use of SNAPtag, HaloTag, or TC motifs (Keppler and Ellenberg, 2009; Poskanzer et al., 2003; Takemoto et al., 2011; Tour et al., 2003) . Completely genetically encoded sensitizers have also been engineered and are advantageous because they do not require the addition of an exogenous chromophore. For example, an engineered fluorescent flavoprotein called miniSOG (mini-B266singlet oxygen generator) is a small (106 amino acid), genetically-encoded photosensitizer with a ROS quantum yield almost two times higher than previous genetically-encoded photosensitizers such as KillerRed and SuperNova (Lin et al., 2013; Shu et al., 2011; Takemoto et al., 2013) . MiniSOG is considerably smaller than the genetically encoded HaloTag (297 amino acids) or SNAP-tag (182 amino acids), and is the first photosensitizer engineered from a LOV-based fluorescent protein (Buckley et al., 2015) . With an inactivation radius of~70 nm, light-induced singlet oxygen production following focal irradiation of miniSOG permits spatiotemporal disruption of miniSOG-fused and neighboring proteins. A recent study demonstrating the utility of CALI in manipulating protein trafficking used miniSOG to elucidate the effect of acutely inactivating CaMKII (UNC-43) and kinesin-1 (UNC-116) on the endosomal transport of AMPA receptors (GLR-1) in C. elegans (Hoerndli et al., 2015) . Likewise, Lin et al. used miniSOG fused to the vesicular protein synaptophysin (Syp) to disrupt synaptic neurotransmitter release (Lin et al., 2013) (Fig. 4D) . This study highlighted potential off-target effects of CALI-based approaches as illumination of miniSOG localized to synaptic vesicles or the axonal plasma membrane paradoxically increased spontaneous miniature synaptic transmission while at the same time potently disrupting evoked neurotransmission.
To circumvent potential off-target effects of CALI-based approaches, more refined approaches for light-induced loss of function are being developed. For example the light-induced conformational change of the LOV domain has been used to conditionally present inhibitory peptides against CaMKII and PKA (Murakoshi et al., 2017; Yi et al., 2014) . While this approach requires a characterized inhibitory peptide, direct allosteric control of enzyme function through strategic LOV domain insertion is also a promising avenue for acute, light activated loss of function (Dagliyan et al., 2016) .
Spatial and temporal control of second messengers
Precisely timed delivery of second messengers has been a powerful approach for unraveling how specific signaling events influence cellular physiology. Early, but still widely used approaches rely on second messengers chemically modified with photo-labile "caging" groups that can be rapidly removed by photo-excitation in the UV spectrum (or in many cases, by multiphoton absorption of energy in the near infrared spectrum). Here we review efforts toward engineering entirely genetically-encoded tools for local control of cellular second messengers, which could hold future promise for investigating how specific signaling events influence protein function, localization and trafficking.
Cyclic nucleotides play critical roles in a myriad of neurobiological functions ranging from neuronal differentiation and growth to neuronal excitability and synaptic plasticity through their ability to stimulate signaling enzymes and channels. The visual signal transduction cascade mediated by mammalian cone and rod opsins was an early example of light-regulated signaling through hydrolysis of cGMP by light-gated Gprotein activation of phosphodiesterase enzymes. Cyclic nucleotide modifying enzymes that are directly regulated by light have also been discovered. For example a photoactivatable adenylyl cyclase (euPAC) was identified as a sensor for phototaxis in the flagellate Euglena gracilis (Iseki et al., 2002) . euPAC is a tetramer of two large (> 100 kDa) FADbinding subunits (PACα and PACβ) that each contain two blue-light sensing BLUF domains followed by AC catalytic domains. While euPAC and its flavoprotein PACα have been used to study cAMP-dependent processes in neurons (Nagahama et al., 2007; Schröder-Lang et al., 2007; Weissenberger et al., 2011) , smaller blue light-activated PACs with less dark activity and a greater dynamic range have since been identified, such as bPAC isolated from the soil bacterium Beggiatoa (Stierl et al., 2011) and the LOV-domain-containing mPAC from the cyanobacterium Microcoleus chthonoplastes (Raffelberg et al., 2013) . To optically manipulate cAMP levels in vivo, Ryu et al. engineered a PAC that is activated by light in the near-infrared window (NIRW) of the spectrum (~680-880 nm) by fusing the photosensory module of the Rhodobacter sphaeroides bacteriophytochrome BphG1 to the bacterial AC domain CyaB1 . In addition to greater tissue penetration depth, expressing NIRW light-activated AC (IlaC) in cholinergic neurons of C. elegans allowed manipulation of behavior without activating a photoavoidance response or inducing phototoxicity associated with prolonged exposure to blue light. Apart from using photoactivatable cyclases, another strategy to control cAMP and cGMP levels is to employ a light-activated phosphodiesterase (LAPD) that hydrolyzes cyclic nucleotides upon absorption of red light (~650-700 nm) (Gasser et al., 2014) . In LAPD, human phosphodiesterase 2A is fused to the photosensory module of the Deinococcus radiodurans bacterial phytochrome that can be photoconverted between a red light-absorbing (Pr) basal state and a far-red light-absorbing (Pfr) "active" state upon photo-isomerization of the covalently bound biliverdin chromophore.
Diacylglycerol is a lipid second messenger known to induce the membrane translocation of C1-domain-containing proteins including protein kinase C (PKC) and DAG kinases as well as activate certain transient receptor potential (TRP) cation channels. To engineer a photoswitchable DAG (PhoDAG), Frank et al. exploited the light-dependent cis/trans isomerization of a previously identified azobenzene derivative that mimicked arachidonic acid in its cis configuration (Frank et al., 2016) . Conversion between the cis and trans forms is induced by UV-A and blue light irradiation, respectively, making PhoDAG an effective toggle switch for modulating DAG signaling. PhoDAGs have been used to optically control Munc13 membrane translocation in HeLa cells, synaptic transmission at the C. elegans neuromuscular junction, and Trpc2 channel activation in acute slices of the mouse vomerosonasal organ (Frank et al., 2016; Leinders-Zufall et al., 2017) . Combined with calcium imaging, local PhoDAG activation has been demonstrated as a useful tool in the spatial mapping of DAG-sensitive calcium-permeable ion channels localized in discrete subcellular compartments, such as in the dendritic knobs of mouse vomerosonasal sensory neurons (Leinders-Zufall et al., 2017) . These examples highlight our increasing ability to manipulate second messengers and their promise for understanding signaling events for regulated protein trafficking in complex cells like neurons.
Conclusions
The protein trafficking field has benefited from major advances in live-cell imaging, protein engineering and new optical techniques that allow high-resolution tagging and manipulation of target proteins in live cells. However, several major challenges remain, including our limited ability to detect distinct protein pools in live cells as they disperse during trafficking; our limited capacity for super resolution imaging rapid, dynamic processes in live cells and our current dependence on genetically fused protein tags for visualizing most proteins in live cells. Ongoing advances in imaging hardware and analysis, optogenetic tools for manipulating proteins and second messengers, genetically encoded intrabodies and new approaches for genetically targeting endogenous proteins through gene editing are quickly surmounting these challenges, allowing the field to move forward with increasing sophistication.
